Dissolved aluminum (Ill) in acidic soils or culture media is often rhizotoxic (inhibitory to root elongation). Alkaline solutions of Al are also sometimes rhizotoxic, and for that reason toxicity has been attributed to the aluminate ion, AI(OH)4-. In the present study, seedlings of wheat (Triticum aestivum L. cv Tyler) and red clover (Trifolium pratense L. cv Kenland) were cultured in aerated aluminate solutions at pH 8.0 to 8.9. The bulk phases of these solutions were free of reactive polynuclear hydroxy-AI (including the extremely toxic species AlO4Al12 [OH] species (15, 26). That one or more ofthese species is rhizotoxic has been known for many decades (7), but only recently has there been progress in determining the relative toxicities of the various species (4, 8, 12-14, 19, 21, 22). Evidence for the toxicity of a polynuclear Al species has been offered several times (2, 21, 22, 27), and this species has now been identified as Al13 ' (22). This species is easily prepared in artificial solutions, but upon aging, All3 undergoes a conversion to other Al species that are unreactive with commonly used assay reagents and may comprise microcrystalline gibbsite or other solid-phase Al (3, 22) . Al,3 is at least 10-fold more rhizotoxic than A13+ (22), and the possibility of its occurrence is a complicating factor in the study ofthe toxicity of other species (13). (14) . Perhaps protonation of cell surface sites reduces Al3+ binding. In addition, Al,3 may have accumulated in the root free space as mononuclear hydroxy-Al increased in the bulk media.
IA13 1/1H+13 may rise above 1010. At this value hydroxy-AI in oversaturated, alkaline solutions begins to undergo rapid conversion to polynuclear species.
Aluminum (III) is a major constituent of soil minerals and is present in the soil solution in a dozen or more chemical species (15, 26) . That one or more ofthese species is rhizotoxic has been known for many decades (7) , but only recently has there been progress in determining the relative toxicities of the various species (4, 8, 12-14, 19, 21, 22) . Evidence for the toxicity of a polynuclear Al species has been offered several times (2, 21, 22, 27) , and this species has now been identified as Al13' (22) . This species is easily prepared in artificial solutions, but upon aging, All3 undergoes a conversion to other Al species that are unreactive with commonly used assay reagents and may comprise microcrystalline gibbsite or other solid-phase Al (3, 22) . Al,3 is at least 10-fold more rhizotoxic than A13+ (22) , and the possibility of its occurrence is a complicating factor in the study ofthe toxicity of other species (13) .
The toxicity of Al3+ is widely assumed, but few experiments convincingly demonstrate its toxicity. Evidence for its toxicity may be adduced only in experiments in which plants are cultured in rooting media whose chemical composition may be accurately computed. If that H+ toxicity has been taken into account (because the pH of the solutions must change) and one is willing to ignore the uncertain species composition of the root free space. If possible, all polynuclear Al should be avoided because it may be unpredictably accompanied by Al,3 at low, but toxic, levels that are difficult to measure. These considerations were taken into account in two recent investigations (13, 21) , and it was concluded that A13+ is rhizotoxic to wheat.
Similar investigations with dicotyledonous plants produced contrary results (14) . Al3+ seemed to be nontoxic, and it was concluded that one or more mononuclear hydroxy-Al species (e.g. AlOH2" or Al[OH]2+) may be toxic. That conclusion is tenuous, however, because toxicity to these species cannot be distinguished from Al3" toxicity that is ameliorated at lower pH values (14) . Perhaps protonation of cell surface sites reduces Al3+ binding. In addition, Al,3 may have accumulated in the root free space as mononuclear hydroxy-Al increased in the bulk media.
Al in alkaline fly ash (9, 25) , bauxite residue (6), and hydroponic culture media (6) appears to be toxic, and that toxicity has been attributed to aluminate (Al[OH]4) which, according to species computations, would constitute >99% of the mononuclear hydroxy-Al at pH > 7.9. However, these media were complex, and, appropriately, the authors made no attempt to compute the species composition. In addition, no attempt was made to detect Al13, whose toxicity was not widely known at the time of those studies.
The present experiments were performed as part of an ongoing investigation of the relative rhizotoxicity of Al species. The major emphasis of the study was to employ simple solutions whose species composition could be computed and to ensure the absence of Al,3 in the bulk phase of the culture media.
MATERIALS AND METHODS

Seedling Culture
Seedlings of wheat (Triticum aestivum L. cv Tyler) and red clover (Trifolium pratense L. cv Kenland) were cultured at 25°C in aerated, 500-mL solutions as described previously (10, 13) . All alkaline solutions were aerated overnight prior to the introduction of seedlings. After 2 d, root lengths were measured and the culture media were assayed for Al by the ferron method to be described. In a typical experiment intended to test the apparent toxicity of aluminate, the culture media were prepared by adding 2.95 mL of 1 M NaHCO3, 0 to 50 mL of a 1 mm stock solution of LiAl02 (in 1 mM NaOH), 50 to 0 mL of a 1 mm stock solution of LiCl (in 1 culture conditions suitable for wheat also proved adequate for red clover.
Formation of Polynuclear Al
According to the ferron assays none ofthe Al stock solutions contained Alb, i.e. absorbance readings were constant after 3 min (Fig. 1, chart records 1, 2, and 3) . However, there were small losses of solid-phase Al in the 1 and 10 mm NaOH stock solutions, but in the stock solutions used for growth experiments solid-phase losses were <10%. (Cf the terminal absorbance values of records 1, 2, and 3 in Fig. 1.) The alkaline, Al-containing culture media were oversaturated with respect to gibbsite if one assumes that K5 = JA13+}/ JH+13 = 108.' for the dissolution of synthetic gibbsite (16) according to the reaction Al(OH)3(gibbsite) + 3H+ = A13+ + 3 H20. Nevertheless, the ferron assays indicated no loss of mononuclear Al added to culture media despite the fact that the ratio IAl3+ I/tH+3 was occasionally as high as 10101 (Cf records 3 and 4 in Fig. 1.) To test the minimal conditions required to support mononuclear Al in oversaturated solutions, several solution series were prepared. The first set of solutions was intended, in part, to test the stability of 1 mM Al stock solutions adjusted to no values of -1, 0, 1, 2, 3, 4, 5, and 6. Loss of mononuclear Al occurred only in the middle four solutions after 1 d of incubation. (Cf record 7 with records 5 and 6 in Fig. 1 .) The assays for solutions no = 1 and 2 indicated copious production of Alb, and solutions no = 3 and 4 contained large amounts of Alc. Solution no = 4 contained an abundant, visible precipitate, but all other solutions were clear. According to equilibrium computations all of the solutions no 0 through 6 were saturated with respect to gibbsite ( 16) . Thus the mononuclear solutions no = 0, 5, or 6 were actually metastable if the reported K, for gibbsite is correct, but the stock solution prepared by adding 1 mm LiAI04 to 10 mm NaOH should have been stable with respect to gibbsite.
The second solution series was prepared from an aluminate stock and entailed much finer pH increments and four [Al] . The solutions were assayed 3 d after mixing. In Figure 2 Occasionally, measured mononuclear Al in the culture media was a few per cent less than the nominal value when assayed against the acidified AlK(SO4)2 standard, but this loss was attributable to small amounts of AL in the aluminate stocks (see above) rather than losses of mononuclear Al in the culture media. (See records 1 through 4 in Fig. 1 [Al] ranges were performed at the higher pH. In the first experiment, the solution inputs were 0 to 100 AM LiAl02 (from a 1 mM NaOH stock), 100 to O AM LiCl (from a 1 mM NaOH stock), 50 AM CaC12, and 5.9 mM NaHCO3. In the second experiment, the inputs were 0 to 20 AM LiAl04 (from a 10 mM NaOH stock), 20 to O AM LiCl (from a 10 mM NaOH stock), 25 (wheat) or 50 (red clover) AM CaCl2, and 5.8 mm NaHCO3. The initial pH of these solutions after equilibrium with incubator air was 8.8, and after 2 d of growth the pH was 8.7. The CO2 in the incubator sometimes rose to 490 ML/L as measured with an Analytical Development Co. model LCA-2 infrared CO2 analyzer calibrated at 0 and 585 ML/L CO2.
At the lower pH the solution inputs were 0 to 20 AM AlCl3 (from a 1 mM HCI stock), 100 AM LiCl, 0.4 mM CaCl2, 6 .0 mM NaCl, and HCI to adjust the pH to 4.5. The computed activities of the mononuclear Al species at both high and low (13) . In red clover, the nontoxicity of the more alkaline aluminate solutions was evident whether root elongation was expressed on a relative or absolute basis.
Ferron assays of the culture media from these experiments were performed with particular care, especially at the lower pH values where polynuclear aggregation would be most likely. Added mononuclear Al was recovered entirely and Alb was absent according to the criterion of no rise in absorbance after 3 min (cf records 3 and 4 in Fig. 1 ).
DISCUSSION
Aluminate solutions (but not necessarily aluminate itself) are sometimes toxic (6, 9, 25 , and this study), but the present study demonstrates that aluminate need not be toxic always (Figs. 5 [NaHCO3J (mM) Figure 5 . .9
